We investigate and compare the possibilities of observing decaying dark matter (DM) in γ-ray and radio telescopes. The special emphasise of the study is on a scalar heavy DM particle with mass in the trans-TeV range. DM decays, consistent with existing limits on the life time, are assumed to be driven by higher dimensional effective operators. We consider both two-body decays of a scalar dark particle and a dark sector having threebody decays, producing two standard model particles. It is found that the Fermi-LAT data on isotropic γ-ray background provides the best constraints so far, although the CTA telescope may be more effective for decays where one or two photons are directly produced. In all cases, deeper probes of the effective operators are possible in the upcoming SKA radio telescope with a few hundred hours of observation, using the radio synchrotron flux coming from energetic electrons produced in the decay cascades within dwarf spheroidal galaxies. Finally, we estimate how the SKA can constrain the parameter space spanned by the galactic magnetic field and the diffusion coefficient, if observations consistent with γ-ray data actually take place.
Introduction
Dark matter (DM) has been emerging as an unavoidably large component of the energy density of our universe. Perceiving it as resulting from some hitherto unidentified invisible elementary particle has gained ground as an acceptable explanation. The mass of a cold dark matter particle is rather difficult to ascertain from existing evidence. A particularly challenging possibility is that of a DM particle in the mass range exceeding a TeV. Such an invisible particle, even if weakly interacting, is largely unconstrained from direct search experiments [1, 2] . On the other hand, one does not expect such a heavy DM to lead to perceptible missing-E T signals at, say, the large hadron collider (LHC) [3] [4] [5] . One may therefore have to depend on indirect signals of such DM particles. This makes it imperative to think of as many independent indirect signals as possible.
While independent signals of a stable DM particle come mostly from its annihilation into standard model (SM) particles [6] [7] [8] [9] [10] , it is not inconceivable that such a particle is not fully stable, though its lifetime must exceed the age of the universe by several orders. The exact limit on the lifetime is decided by the dominant decay mode, such as particle-antiparticle pairs, photons, or even invisible particles like neutrinos, as also on the spin of the DM particle [9, [11] [12] [13] . Observations from Fermi-LAT [14] , AMS-02 [15, 16] , HESS [17, 18] , IceCube [19] etc. contribute to the existing limits.
An upcoming telescope array that can improve our understanding of trans-TeV DM is the Cherenkov telescope Array (CTA) [20, 21] which looks for highly energetic gamma-rays, arising either from direct decay of quasi-stable DM or from cascades. Considerable attention has been already paid to the potential of CTA observation in photonic annihilation of DM pairs [22] [23] [24] [25] . It is comparably interesting to investigate similar potential of the CTA as well as the already existing Fermi-LAT, as far as decaying DM is concerned [11, 26, 27] .
Our aim here is to study decay of a heavy DM particle by parameterizing the decay Lagrangian in terms of effective operators, using as illustration scalar DM particle(s) in single-component as well as multicomponent scenarios. At the same time, we investigate how gamma-ray data are likely to fare in comparison with the radio synchrotron flux from dwarf spheroidal galaxies (dSph) arising from DM decays. While the existing radio data provide some constraints on the DM parameter space [9] , the picture is likely to improve considerably when the Square kilometer Array (SKA) telescope starts its operation. The usefulness of the SKA, especially for high-mass DM, consists not only in the fact that relatively high frequency ( > ∼ 400 MHz) radio observation is possible, but also in the efficacy of separating foregrounds, thanks to its inter-continental baseline length [28] . The prospects of thus exploring trans-TeV stable DM via its pair-annihilation have already been discussed in recent studies [29, 30] . The present work is aimed at extending this to decaying heavy DM, and also comparing the predicted results to existing and future gamma-ray observations.
The limits on DM decay from γ-ray data to date come largely from the isotropic background caused by the intra-galactic DM distribution as well as the extra-galactic continuum. It has been pointed out that localised sources do not offer much of an improvement on this in general, since the emitted flux from DM decay goes as ρ DM /m DM , as against ρ 2 DM /m 2 DM in the case of annihilation [31] . However, the suppression caused by trans-TeV m DM can sometimes be offset by the higher ρ DM in localised sources. In addition, a ground-based experiment like the CTA has to overcome backgrounds resulting from the interaction of cosmic-ray (CR) electrons and protons with Earth's atmosphere, where a dense source can be helpful to aim at [32] . Therefore, from the standpoint of high-mass DM candidates, it is desirable to ultimately gear the CTA towards observation of sources that may reveal signals for optimal values of ρ DM /m DM , even if the isotropic gamma-ray measurements turn out to have better prospects at present [26] .
For radio synchrotron fluxes, on the other hand, one has to depend exclusively on specific sources with large mass-to-light ratios. A dSph is a popular hunting ground in this respect. Their low star formation rates also minimize the astrophysical background [33] [34] [35] [36] . The DM decay cascades there, just as in the case of annihilation, lead to energetic electron-positron pairs that execute cycloidal motion under the influence of galactic magnetic fields, leading to radio synchrotron emission whose flux is determined by solving the appropriate transport equation. The 'source function' entering into the transport equation again depends on ρ DM /m DM for decaying DM, as opposed to ρ 2 DM /m 2 DM in the case of annihilating pairs. This causes enhanced fluxes for a dSph with high DM density profile, when one is looking at the decays of trans-TeV DM.
Keeping the above observations in mind, we focus here on gamma-ray predictions and constraints vis-a-vis those for SKA, mostly using the dSph Draco as example. As has been mentioned above, scalar DM particles have been used to illustrate our point, although the conclusions are easily extendable to a fermionic dark sector. We consider various SU (2) L × U (1) Y invariant effective operators, as listed in the next section, driving DM decays in various channels. We have included two-body decays of the DM, as also threebody decays of one quasi-stable particle in the dark sector decaying into another along with a pair of SM particles. Decays of the latter generate electron-positron pairs that are the ultimate sources of radio synchrotron emission. For each case, we compare the upper limit on the decay width from gamma-ray data with those expected from the SKA. These can be translated into limits on the coefficients of the effective operators, including the Wilson coefficients and the suppression scale of the operators. As we shall see, the upper limits mostly come from the Fermi-LAT data on isotropic gamma-ray, whenever they are available. The projected CTA sensitivity in such cases mostly require decay widths that are already ruled out [26] . Therefore, for such cases we compare the potential of radio signal measurements at SKA with Fermi-LAT observations on isotropic gamma-rays, find that the former can probe deeper into DM parameter space.
An exception is the situation where the DM mass exceeds about 1 TeV, and the DM decays directly into one or two photons. The available Fermi-LAT data in such a case offer no limits [32] . This is where the projected CTA measurements have been compared here with the corresponding expectations from the SKA. While the SKA predictions pertain to an illustrative dSph, namely Draco, the CTA projections shown here still focus on the isotropic gamma-ray observation, since for the common dSph's are found to be less promising for CTA in terms of DM decays [26] . We try to understand how the predicted signals (or their absence) at the SKA can yield information on the space of astrophysical parameters in the dSph, spanned by quantities like the galactic magnetic field and the diffusion coefficient.
The effective operators listed by us are assumed to be responsible for DM decays in galaxies. However, we take a model-independent view of the relic density [37] , by not ruling out other production/annihilation channels. The assumption inbuilt in the present study is that only the effective operators under consideration here are responsible for indirect DM decay signals.
The paper is organized as follows: In sec. 2 we have parametrized the DM decay into gauge boson as well as fermion pairs in terms of higher dimensional operators. Sec. 3 contains a brief discussion of the astrophysical signals of decaying DM, namely the γ-ray flux as well as the radio synchrotron flux. We have presented our findings in sec. 4. Finally we conclude and summarize in sec. 5. The necessary formulae used for our analysis can be found in Appendices A and B.
Effective operators
The standard model(SM) of Particle Physics does not contain any suitable DM candidate. Thus the extension of the SM particle content is inevitable. DM and its stability are frequently explained by the postulation of one or more new particles and some new symmetry, whose most popular (but by no means unique) formulation is the discrete group Z 2 . With such a discrete symmetry the part of the particle spectrum which is odd under it constitutes a 'dark sector'. There can be decays within the dark sector, till the lightest particle in that sector is reached, the latter becoming stable and contributing to the relic density [12, 38, 39] . Alternatively, one may have no such symmetry surviving at the mass scale of the DM particle, and allow the latter to decay, albeit very slowly [40, 41] . The basic requirement for such decays is that the lifetime should exceed the age of the universe. However, the constraint is most stringent if the final state consists of visible particles, due to limits from, for example, cosmic-ray photons as well as positrons and antiprotons [31] .
Parametrization of the decay of a DM candidate by dimension-5 effective operators is strongly constrained [42] , since in that case
(2.1) leaving out factors dependent on the spin of the DM particle. This exceeds the requisite lower limit only when m DM ≤ O(MeV), even with Λ 10 19 GeV [43] . For most of the DM parameter space, one thus finds it more consistent to parametrize all the decay interactions of the DM by dimension-6 operators, the suppressant scale Λ being the mass scale of the new physics responsible for generating such interactions. As has been mentioned in the introduction, we simplify our analysis by confining ourselves to a scalar dark sector, though the features related to its detection pointed out by us apply to particles with spin as well. We consider two possible scenarios within this category:
1. A single-component dark matter which is quasi-stable over the age of the universe and has two-body decays into SM particles.
2.
A multicomponent (two-component) scenario where the heavier of the two dark sector members is quasi-stable and decays into the lighter, stable one, along with visible SM particles.
We outline these two scenarios below 1 .
Single-component scalar dark matter
Following the above observation, we postulate dimension-6 terms as being responsible for DM decays. Modulo some hitherto unspecified symmetry, broken by the vacuum expectation value (vev) of scalar DM field φ, the dimension-6 operators reduced to dimension-5 ones, dictating two-body DM decays 2 . The corresponding dimension-5 operators can be parameterised as [44] :
with Λ being the suppression scale. Here φ is SU (2) L × U (1) Y -singlet thus making each operator invariant under the electroweak group. While presenting our results, we will however consider only one operator to be dominant at a time, for the sake of simplicity. In each such case the two-body decays in the respective final states is taken to dominate DM decay, the three-body decays driven by the corresponding operators being understandably suppressed. For simplicity we have also assumed that f QQ = f uu = f dd = fand f l L l L = f l R l R = f ll while presenting our results. Expressions for the two-body partial decay widths are given in Appendix A.
Multicomponent scalar dark sector
As an alternative scenario, we consider a multicomponent dark sector containing two SM singlet Z 2 -odd real scalars φ 2 and φ 1 . We assume φ 2 (identifying M 2 ≡ m DM , as the mass of the decaying dark matter) is heavier than φ 1 (with mass M 1 ) and φ 2 decays to φ 1 [45] . We parametrize these decay modes in terms of several dimension-6 operators [44] 3 ,
Unlike the case of sec. 2.1, the energy distribution of the primary decay products in this case depends on the lorentz structure of the matrix element itself (see Appendix B). We have considered three-body decays 4 into bosonic final states
As in the case of singlecomponent dark matter, here also we have also assumed that f QQ = f uu = f dd = fand f l L l L = f l R l R = f ll , for simplicity. In addition to the DM mass M 2 and the Wilson coefficient driving the decay under consideration, ∆M = M 2 − M 1 is also a parameter that affects the γ-ray and radio signals. While determining the signals of φ 2 decay from various astrophysical objects we have assumed φ 2 density to be same as the DM density of that object i.e. ρ φ 2 = ρ DM . For ρ φ 2 < ρ DM the results presented in sec. 4 get relaxed by a factor of ρ φ 2 /ρ DM . 3 We have neglected the dimension-4 interaction term λ12φ2φ1H † H compared to the dimension-6 effective operators presented in Eqn. 2.5. 4 The four-body decays e.g. φ2 → φ1hff , φ1W + W − Z are sub-dominant compared to the three-body decays driven by the same operators due to phase space suppression and hence have been neglected in our analysis. 5 Note that φ2 → φ1γ is suppressed from angular momentum conservation.
Astrophysical signals of decaying DM
The SM particles produced in DM decay lead to further cascades. Charged particles in such cascades can produce e ± which subsequently emit radio synchrotron signal as a result of cycloidal motion under galactic magnetic field. Such radio signals can be detected by the SKA radio telescope if the frequency lies in the range 50 MHz -50 GHz [28] . The high frequency range should serve as especially important signal of highly energetic electrons produced from the decay of trans-TeV DM. On the other hand, the source of energetic γrays is usually neutral pions produced in cascades. In addition, directly produced photons can also contribute to the signal, when the effective operators couple φ/φ 1,2 to electroweak gauge boson pairs.
DM induced γ-ray flux
The differential γ-ray flux originating from the SM final states (e.g. W + W − , ZZ, Zγ, γγ,bb, tt, τ + τ − ) of DM decay inside our galaxy is given by [31] dΦ
where Γ is the total decay width (into all allowed channels) of the DM particle, m DM is the mass of the decaying dark matter particle, dN γ f /dE γ is the differential distribution of the γ-ray photons produced per decay for the final state f with branching ratio B f . This differential distribution is calculated using [46, 47] . The astrophysical factor contributing to the determination of this flux is encoded in the J-factor, J d for decaying DM which can be expressed as
where ρ d (r) is the density of decaying DM inside our galaxy. We have considered ρ d (r) to be a standard Navarro-Frenk-White (NFW) profile [48] profile:
where r s = 20 kpc and ρ 0 is such that the local DM density ρ d (r = 8.25kpc) = 0.4 GeV/cm 3 [49, 50] . The integration over solid angle (∆Ω) has been done for the Fermi-LAT observation region |b| > 20 • , |l| < 180 • [14] .
Other contributions to the gamma-ray flux can come from the electrons generated from DM decay inside our galaxy, which produce gamma-rays via inverse compton scatterings (ICS). The differential gamma-ray flux associated with an electron of energy E e at Earth is given by [51] ,
where dN e f dEe is the energy distribution of electrons(positrons) produced in the decay of DM and I IC (E γ , E e , Ω) is a class of functions determining E γ , the energy of the photon produced due to inverse compton scattering (ICS) of electron(positron) of energy E e . The integration region ∆Ω is same as the Fermi-LAT observed region mentioned above.
We have also considered the gamma-rays originating from the DM decay outside of our galaxy. The extra-galactic contribution to the gamma-ray flux is [31] , 3 with Ω Λ = 0.69,Ω m = 0.31 and e −τ (Eγ ,z) signifies the attenuation due to extra-galactic absorption. I IC (E γ , E e , Ω) and e −τ (Eγ ,z) have been taken from [51] . We have shown for illustration the γ-ray distributions (Γ dN γ dEγ ) originating from the Fig 1 for a benchmark value of m DM , Γ and ∆ M/m DM . Clearly for the three-body decays a substantial energy is taken away by φ 1 , thereby softening the corresponding γ-ray spectrum.
DM induced radio flux
The SM products of DM decay inside a dSph produces e ± pairs through cascade decays, whose abundance is decided by the source function (Q e (E, r)) [9] :
where dN e f /dE is the differential distribution of the e ± produced per decay in the final state f with branching ratio B f . The differential distribution is obtained using [46, 47] . ρ d (r) is the DM density profile of a dSph as a function of radial distance r from the centre of the dSph. As already mentioned, we have taken the dSph Draco assuming a NFW profile as given in Eqn. 3.3 with ρ 0 = 1.4 GeV. cm −3 and r s = 1.0 kpc [52] 6 . We have used Draco for predicting the radio signal as various relevant parameters like the J-factor are somewhat better constrained for this dSph [55] . However, similar conclusions also apply in the case of other dSph's such as Seg1, Carina, Fornax, Sculptor etc. [55] [56] [57] .
The produced electron(positron) diffuses through the galactic medium and loses energy via several processes like Inverse-Compton scatterings(IC), Synchroton radiation(Synch), Coulomb effect, bremsstrahlung etc. The final e ± distribution dne dE (E, r) is obtained by solving the differential equation [52, 58, 59] ,
where the diffusion parameter D(E) has been parametrized as . m e denotes the electron mass and n e is the average thermal electron density (value of n e ≈ 10 −6 inside a dSph) [58, 59] .
The final radio flux (S ν ) as a function of frequency (ν) is obtained by folding this dne dE with synchrotron power spectrum (P Synch (ν, E, B)) [29, 52, 58, 59] and integrating over the size of the emission region of the dSph (∆Ω):
As an example we have shown the e ± distribution (Γ dN e dE ) produced in the decays 
Results
Using Fermi-LAT observation of isotropic gamma-ray background (IGRB) [14] start by showing illustrative upper limits on the DM decay width Γ, considering only a single decay channel at a time (i) for a given dark matter mass(m DM ) in case of two-body decays of DM itself and (ii) for a chosen dark matter mass(m DM ) and two fixed values of ∆M/m DM , namely 0.9('hierarchical scenario' ) and 0.1('degenerate scenario' ) in case of three-body decays occurring within a multicomponent scalar dark sector. We have subsequently presented the upper limits on the Wilson coefficients in Eqns. 2.3 and 2.5 considering only one effective operator at a time. This is a reasonable assumption since each operator presented is independently gauge invariant. We have thus taken into account in the ultimate analysis all the decay channels opened up by a particular operator. The upper limits have been determined following the procedure of [11] .
In each of the above cases we have also presented the sensitivity reach of the upcoming Square Kilometre Array (SKA). A large effective area and better baseline coverage help the SKA to achieve a significantly higher surface brightness sensitivity compared to existing radio telescopes 7 . We have used the documents provided in the SKA website [28] for estimating the noise sensitivity. The higher sensitivity allows one to observe very low intensity radio signal coming from ultra-faint dSph's which are estimated to have sizable DM densities, and the radio synchrotron signals from them possibly have less astrophysical background, since they have low rates of star formation. For details of the analysis see reference [29] .
To present our results for SKA we have assumed some benchmark values of the diffusion coefficient and the magnetic field, namely, D 0 = 3 × 10 28 cm 2 s −1 and B = 1 µG. However, these astrophysical parameters are not very well constrained yet for a dSph [10, 61] . Though the proximity to our galaxy suggests that B ≈ 1 µG is a reasonable possibility [61] , similar guidelines regarding D 0 hardly exists. Keeping this in mind, we have also shown the allowed astrophysical parameter space (B − D 0 plane) that can give rise to visible signal at SKA when the particle physics parameters are set at benchmark values consistent with IGRB observation. . We have assumed 100% branching ratio to each of these decay modes. It is important to point out that the decays of DM (or dark sector particles) to Zγ and γγ are associated with primary (direct) photons. Since Fermi-LAT is mostly sensitive to photons in the energy range a few MeV-1 7 While estimating the predicted signal for SKA, we have assumed that the SKA field of view is larger than the dSph size considered here and hence all the flux from the dSph will contribute to the detected signal. This assumption may not be valid for the SKA precursors like the Murchison Widefield Array (MWA) where the effect of the beam size needs to be accounted for while calculating the signal [57] .
Limits on particle physics parameters

Decay to Gauge bosons
TeV and the direct photons produced in the Zγ and γγ final states for m DM > 1 TeV fall outside the energy range of Fermi-LAT, the corresponding limits weakens [14] . The future generation gamma-ray experiment like CTA [20, 21] can improve over Fermi-LAT in this range of parameters. We have adopted the strategy outlined in [32] to calculate sensitivity reach of CTA in the channels Zγ and γγ, which will show up as sharp spectral features on top of otherwise isotropic background flux of electrons+gamma-rays. The sensitivity reach of SKA in each of the cases have been shown which is nearly 4 to 2 orders of magnitude stronger depending on the DM mass m DM barring the γγ final state which can not produce any radio signal. Better sensitivity of SKA is mostly attributed to its large cross-sectional area and low threshold [28] . Of course, it also depends on the choice of astrophysical parameters (B, D 0 ). In our case we have assumed that D 0 = 3 × 10 28 cm 2 s −1 and B = 1 µG which are reasonable choices for dSph such as Draco. A more conservative choice, i.e, a larger D 0 or a lower B will raise the sensitivity level.
The limits and sensitivities for the two-body decays φ → V V is the strongest one since the final state V V has the energy m DM available to them in these cases. For the threebody decays φ 2 → φ 1 V V , on the other hand, even if one neglects the energy carried away by φ 1 the energy available to V V is ≈ ∆M < m DM . Thus the energy distribution of the final state photons or e ± softens for the three-body decays(see Fig.1 and 2 ). This explains why the limits weakens for three-body decays as compared to two-body decays and also by at least an order of magnitude in case of ∆M/m DM = 0.1 compared to ∆M/m DM = 0.9. The (normalised) energy distribution of V /V , produced in the decay φ 2 → φ 1 V V , is governed by the Eqn. B.2.
In Fig. 5 we have shown the constraints obtained from Fermi-LAT and the sensitivity reach expected from SKA for gauge invariant wilson coefficients f W W , f BB considering Λ = 10 16 GeV for illustration. The operator proportional to f W W opens up all the channels W + W − , ZZ, Zγ, γγ while f BB opens up ZZ, Zγ, γγ (see Eqns. A.3 and B.3). Thus in order to calculate limits on those parameters one needs to consider contribution from all the channels with appropriate branching fractions. As mentioned earlier, for channels such as Zγ and γγ (which have direct photon(s) in their final states), both Fermi-LAT limit (mainly for lower DM mass) and CTA limit (mainly for higher DM mass) have been used. One should note that γγ channel has a branching ratio proportional to cos 4 θ W when f BB is open compared to the sin 4 θ W dependence, when f W W is open and thus the limit on f BB is affected more by the inclusion of the sensitivity reach of CTA. This understanding is reflected in the kink around the energy, beyond which CTA offers a better probe for direct photons than Fermi-LAT. We have also shown the limits on the wilson coefficient f B . The operator proportional to f B gives only a two-body decay φ 2 → φ 1 Z (see the discussions regarding Eqn. B.4).
Decay to Fermions
In Fig. 6 we have shown the upper limits (for Fermi-LAT) and sensitivity (for SKA) on the decay width (Γ) as a function of m DM assuming the decay occurs dominantly through bb (upper panel, left), tt (upper panel, right) and τ + τ − (lower panel). The (normalised) energy distribution of a fermion(f )/anti-fermion(f ) produced in the three-body decay φ 2 → φ 1 ff is considered to be the one governed by Eqn. B.7. One can check that the other energy distribution provided in Eqn. B.8 produces almost similar limits (and sensitivity) for any of the aforementioned fermionic channels, as expected from Figs. 1 and 2 .
In Fig. 7 we have shown the constrains obtained from Fermi-LAT and the sensitivity reach expected from SKA on the wilson coefficient fin case of the two-body decay of DM itself (upper left panel) and in case of decays in the dark sector (lower left panel). Here fis the coupling to the quarks arising from L fermion,1 dim−5 in Eqn. 2.3 and L fermion,1 dim−6 2.5. For simplicity we have assumed that both the left and right handed quarks have the same values of this coupling. Also, we have considered that f= 0 only for third generation of quarks which via gauge invariance dictates the relative contribution of the channels bb and tt. It is quite evident that the limits from SKA on fwill be stronger than Fermi-LAT by more than one order of magnitude up to m DM 100 TeV 8 .
The upper right and lower right panel of the same figure shows the constraints on the wilson coefficient f ll in case of the two-body decay of DM itself and in case of decays in the dark sector, respectively. Here also, we have assumed that both the left and right handed leptons have the same values of this coupling which appears only for the third generation of leptons. The only visible decay products as a result of switching on f ll being τ + τ − the limits on f ll is straightforward to obtain from the decay widths themselves. Although the sensitivity of SKA to τ + τ − final states decreases rapidly as the m DM increases (see the lower panel of Fig.6 ), SKA can still probe larger parameter space compared to Fermi-LAT even up to m DM 100 TeV. in Eqn. 2.5. For simplicity, we have considered the couplings to be non-zero only for the third generation of fermions. It is clear that the limits expected from 500 hours of observation at SKA on f bbH and f ttH will be stronger than Fermi-LAT by more than one order of magnitude up to m DM 100 TeV. Although the sensitivity of SKA to the τ + τ − channel decreases rapidly as m DM increases (see the lower panel of Fig. 6 ), SKA can still probe larger parameter space compared to Fermi-LAT even up to m DM 100 TeV.
Limits on Astrophysical parameters
As of now we have shown the particle physics parameter space that can be probed using SKA choosing a benchmark values of D 0 = 3 × 10 28 cm 2 s −1 and B = 1 µG. Here we have shown which region of the astrophysical parameters B − D 0 will produce a observable DM decay signal at SKA assuming a set of particle physics parameters that has not been ruled out by isotropic γ-ray background (IGRB) observation. 8 It may be noted that DM decay takes place via higher dimensional operators with a large suppression scale. Thus one does not expect any unitarity bounds on the mass of decaying DM. On the other hand, such bounds may restrict mDM to be less than few tens of TeV from the viewpoint of annihilations [62] , on which we have not entered into a discussion here.
In Fig. 9 we have considered either only f W W is non-zero (left panel) or only f BB is non-zero (right panel) and chosen a benchmark value m DM = 10 TeV while the values of the wilson coefficients are dictated by the corresponding upper limits as obtained from Fermi-LAT (and in case of Zγ and γγ channels by CTA) as shown in Fig. 5 . The regions above the curves shown in the figures are favourable for observation in SKA (assuming a 500 hours of observation). The corresponding limits on B − D 0 for f B = 0 can be obtained similarly. The results for f(Fig. 10, left panel) , f ll (Fig. 10, right panel) as well as f bbH (Fig. 11, left panel) and f llH (Fig. 11, right panel) should also be interpreted in the same way.
Our general conclusion emerges from Figs. 9-11. We demonstrate that the SKA can do considerably better than γ-ray observations for the range of m DM under focus here. If SKA indeed records such radio signals as predicted here, then, some independent information on m DM and Γ may enable one to identify regions in the B − D 0 plane, which are consistent with the DM decay observations. Similar conclusions involving DM annihilations in a dSph can be found in [29] .
Conclusion
We have carried out a study of long-lived DM with its decay showing up in γ-ray as well as radio telescope observations. In order to comply with constraints on DM lifetime, the decay interactions have been parametrised by higher-dimensional operators. Both twobody decays of a scalar DM particle and three-body decays of quasi-stable particles within a dark sector have been considered, the SM particles among decay products being pairs of gauge bosons as well as fermions of the third family.
Constraints on the coefficients of the various operators have been obtained from existing γ-ray observations. The Fermi-LAT results are found to be most constraining in this respect, In comparison, the proposed CTA observations are found to yield weaker constraints, except in cases where at least one γ-ray photon is directly produced in decay, as opposed to photons coming via cascades.
However, radio synchrotron signals from dSph's are found to provide better probes into DM decays, by enabling exploration of regions which cannot be ruled out by either the Fermi-LAT data or the CTA. This is true even for DM masses well-above a TeV. Using as benchmark 500 hours of observation at the upcoming SKA radio telescope, we find such a conclusion to hold for DM masses ranging up to tens of TeV.
It is also shown how some independent conclusion on DM mass and its decay rate can enable one to identify viable regions of astrophysical parameters pertaining to a dSph under observation. In this spirit, we demonstrate how to find allowed ranges in the space spanned by the diffusion coefficient in the dSph and the galactic magnetic field, for sample values of the DM particle mass and its decay rate, consistent with γ-ray observation.
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A Single-component dark matter
A.1 Decay to gauge bosons
The decay φ → V V is governed by the term
and the partial width is,
Here,
A.2 Decay to fermions
The decay of φ to fermion pairs is parametrized as,
The decay width from the first term in Eqn. A.4,
and from the second term in Eqn. A.4,
where N c = 3 for quarks and N c = 1 for leptons.
B Multicomponent dark sector
B.1 Decay to gauge bosons
The energy distribution of the vector boson V originating from
The kallen-lambda function is given by, λ (a, b, c)
2. Due to angular momentum conservation the decay φ 2 → φ 1 γ is forbidden and the operator
can only trigger the decay φ 2 → φ 1 Z .
The emitted Z-boson has a fixed energy E z = M 2 /2 1 − r 2 1 + r 2 z and the corresponding width is,
B.2 Decay to fermions
The interactions are,
For simplicity in our analysis we have taken only one operator at a time.
1. The differential distribution of the fermion due to first term of Eqn. B.6. Figure 10 : Limits in the B −D 0 plane to observe a DM decay induced radio signal at SKA (500 hours) from Draco dSph. It is assumed that the DM particle is of mass 10 TeV and it decays to various fermionic final states through the fermionic operators L fermion,1 dim−5 and L fermion,1 dim−6 , listed in Eqns. 2.3 and 2.5, respectively. The values of the effective couplings are kept fixed at the upper limits obtained from the isotropic γ-ray background (IGRB) at this DM mass (see Fig.7 ).
-27 - Figure 11 : Limits in the B −D 0 plane to observe a DM decay induced radio signal at SKA (500 hours) from Draco dSph. It is assumed that the DM particle is of mass 10 TeV and it decays to various fermionic final states through the fermionic operators L fermion,2 dim−5 and L fermion,2 dim−6 , listed in Eqns. 2.3 and 2.5, respectively. The values of the effective couplings are kept fixed at the upper limits obtained from the isotropic γ-ray background (IGRB) at this DM mass (see Fig.7 ).
